Hyphal tip cells of Aspergillus nidulans are > 100 µm-long, which challenges intracellular traffic. In spite of the basic and applied interest of the secretory pathway of filamentous fungi, only recently has it been investigated in detail. We used InuA, an inducible and highly glycosylated inulinase, and mutations affecting different intracellular membranous compartments, to investigate the route by which the enzyme traffics to the extracellular medium. , its equivalent in late endosomes, also prevents InuA accumulation in the medium, indicating that EEs are specifically required for InuA exocytosis. This work provides a framework to understand the secretion of enzyme cargoes by industrial filamentous fungi.
Introduction
Filamentous fungi modify the environment by synthesizing and secreting outside their hyphae a score of soluble hydrolytic enzymes that convert large biopolymers into smaller constituents assimilable by primary metabolism. Many such enzymes have been exploited commercially, a task facilitated by the fact that 'production strains' of the industrial species Aspergillus niger and Trichoderma ressei (i.e. strains that have been streamlined for protein production by several rounds of mutagenesis) can 'produce' proteins of fungal origin with yields in the order of tens of grams per liter of culture filtrate (Punt et al., 2002 ). Yet, their reluctance to efficiently produce heterologous proteins severely limits their potential (Nevalainen and Peterson, 2014) .
Evidence strongly indicates that alien ('heterologous') proteins become stranded at the secretory pathway and are subsequently degraded by quality control systems (Nevalainen and Peterson, 2014) . Even with native ('homologous') proteins, high-level enzyme production induces ERAD (ER-associated degradation) in A. niger (de Oliveira et al., 2011) , and omics studies suggested that protein-induced ER stress and the associated unfolded protein response (UPR) crucially contribute to low productivity (Guillemette et al., 2007; Kwon et al., 2012 ). However, high-level protein production can stress traffic at many other levels, including Golgi exit and transport to the plasma membrane (PM) or to endosomes (de Oliveira et al., 2010) . Moreover, intracellular traffic can be strongly influenced by factors such as post-translational modification of protein coats, the lipid composition of membranous compartments or the nucleotide load (GTP or GDP) of regulatory GTPases that cannot be detected by the above studies, focused on transcript/protein levels.
Fungal growth occurs by apical extension, implying that there exists a branch of the exocytic pathway that delivers lipids and cell wall-modifying enzymes to the growing tip. Exocytosis involves a structure denoted Spitzenkörper (SPK), adjacent to the apical plasma membrane (PM) (Bartnicki-García et al., 1989; Steinberg et al., 2017) , which acts as a vesicle supply center that gathers secretory vesicles (SVs) before they are tethered to, and fuse with the plasmalemma. Exocytic traffic has been extensively studied in A. nidulans, a close relative of industrial Aspergilli. Null or ts mutations have been used to interrupt this traffic at different levels such as ER exit , the biogenesis of autophagosomes , the early Golgi (EG) and the trans-Golgi network (TGN) (Pantazopoulou and Peñalva, 2009, 2011; Arst et al., 2014; Pantazopoulou et al., 2014; Pinar et al., 2015) . The TGN acts as a sorting station, dispatching clathrincoated carriers to the endosomal system (Schultzhaus et al., 2017) and SVs to the SPK . This latter pathway connecting the TGN with the PM by way of the SPK is governed by the recruitment of RabE RAB11 (RAB11) to TGN cisternae, mediated by the TRAPPII oligomeric GEF complex (Pinar et al., 2015) . Following this recruitment, kinesin-1 and myosin-5 motors cooperate to transport SVs to the SPK (Zhang et al., 2011; Peñalva et al., 2017) . Integral membrane proteins that undergo endocytic cycling follow this direct pathway, which can be tracked by labeling these cargoes with GFP in their cytosolic extensions (Taheri-Talesh et al., 2008; Schultzhaus et al., 2015; Hernández-González et al., 2018) . It is generally assumed that exocytosis of soluble protein cargoes also takes place in the tips, as elegantly demonstrated for the A. niger glucoamylase (Wosten et al., 1991) . However, studies aimed at tracking the intracellular route(s) followed by soluble protein cargoes are scarce (Nevalainen and Peterson, 2014) , due to the fact that reporters rapidly diffuse away after reaching the extracellular medium, jeopardizing strategies based on GFP-tagging. Besides, these strategies are limited by the inefficiency of GFP folding within the highly oxidizing lumen of the ER, and by glycosylation of the fusion protein en transit to the external milieu (Costantini et al., 2013) , which interferes with folding, thereby targeting GFP-tagged proteins for degradation. Despite these shortcomings, a study with GFP-tagged glucoamylase supported the above contention, since a proportion was retained in the periplasm after exocytosis, labeling the cell periphery (Gordon et al., 2000) . In contrast, EGFP-α-amylase localized to the SPK and septa, but not to the cell periphery (Hayakawa et al., 2011) . Of note, the SPK, in its capacity as a vesicle supply center (Bartnicki-García et al., 1995 , Steinberg et al., 2017 , could potentially direct SVs to the lateral plasma membrane, potentially accounting for the basipetal trajectories detected in studies with RabE RAB11 Peñalva et al., 2017) . We studied the fate of a secreted cargo, denoted InuA (AN11778), biochemically, using western blotting to detect the protein in combination with a panel of mutations that block different steps of intracellular traffic. InuA, which belongs to the glycosylhydrolase family GH32 including invertase and other fructofuranosidases such as inulinases, presents three advantages: It shares marked amino acid sequence conservation with the exo-inulinase Q96TU3 from the related fungus A. awamori, whose 3D structure is available (Nagem et al., 2004) ; it has a canonical signal peptide, and the signal peptide protease cleavage site has been experimentally determined (the Ala18-Leu19 peptide bond) (Chen et al., 1996) ; Lastly, InuA is extensively N-glycosylated (Chen et al., 1996) , enabling us to use the composition of its glycan moiety to monitor the level of the exocytic pathway at which trafficking is blocked by specific mutations (Haselbeck and Schekman, 1986) . We conclude that besides conventional secretory compartments InuA requires functional early endosomes (EEs) to arrive at the cell surface, suggesting that its exocytosis might involve transit by these organelles.
Results

A sensitive reporter to study changes in cargo glycosylation
The 547-residue polypeptide encoded by AN11778, which we denoted InuA, is 54.9% identical and 80.7% similar in amino acid sequence to the exo-inulinase Q96TU3 from the related fungus A. awamori. Conservation is almost complete in the so denoted catalytic and accessory domains ( Fig. 1A and Fig. S1 ), with amino acid changes mapping to the signal peptide and to the inter-domain linker and neighboring regions.
In sharp contrast, InuA shows only 30.5% identity and 60.3 similarity to S. cerevisiae Suc2p, suggesting that the physiological substrate of InuA is inulin, despite that the enzyme is active against sucrose and was formerly classified as an invertase (Chen et al., 1996) . To test this prediction, we deleted the gene. inuA∆ did not affect growth on sucrose, but prevented growth on inulin (Fig. 1B) , indicating that InuA is indeed an inulinase also possessing β-fructofuranosidase activity on sucrose.
To track InuA by western blotting, we made three constructs encoding HA3-tagged versions. One drives expression of a C-terminally tagged version under the control of the moderately strong, constitutive promoter gpdA m , targeted in single copy to the pyroA4 locus . The other two constructs, which were made by replacing AN11778 by Cterminally-and N-terminally-(after the signal peptide coding region) tagged versions of the gene (Fig. 1A) , drive physiological levels of expression of the tagged protein. These two constructs behaved similarly and thus only the endogenously C-terminally tagged allele was used (see below).
Extracellular and intracellular InuA species
It has been reported previously that the secreted enzyme accumulates in culture supernatants as two highly glycosylated forms with SDS-PAGE motilities of ~78 kDa and 110 kDa respectively (Chen et al., 1996) . To study the fate of InuA-HA3, expressed constitutively from the gpdA m allele, we pre-cultured mycelia for 16 h and used them to inoculate fresh medium. Then by western blotting we monitored inulinase accumulating in the mycelium and in the culture filtrate at different times of incubation at 30°C or 37°C ( Fig. 1C and D) . Extracellular InuA was barely detectable at 30 min but started to accumulate after 1 h (Fig. 1C) , moving in SDS-PAGE as a 80 ~kDa to > 250 kDa smear against which two heterogeneous bands corresponding to ~85 kDa and ~140-150 kDa stood out (magenta and blue arrowheads in Fig. 1C ; note that C-terminal HA3 tagging adds 46 residues/4.8 kDa to the protein). Besides, a substantial proportion of extracellular InuA showed very slow mobility (green arrowhead), indicating extensive glycosylation. After 2-3 h incubation InuA accumulating extracellularly was shifted towards faster mobility forms (Fig. 1C ), presumably as a result of changes in its glycan content (Chen et al., 1996) . In contrast, InuA associated with cellsi.e. within the limits of the cell wall -showed a highly reproducible pattern consisting of a predominant species moving at ~80 kDa and a smear of bands moving between ~85 kDa and > 250 kDa ( Fig. 1D and E). This intracellular smear, which roughly coincided in mobility with that of the secreted species, was referred to as HG (highly glycosylated) InuA (Fig. 1E ). Using long gels the predominant ~80 kDa band was initially resolved into a quadruplet ( Fig. 1E) , that we denoted the core glycosylation (CG) ladder for reasons that will become apparent below. The bands of this quadruplet were thus named CG1-4 (Fig. 1E ). Long exposures of the blots additionally detected bands moving faster than the CG quadruplet (Fig. 1E) . While the regularly spaced and weakest bands (indicated with @ in Fig. 1E ) will be considered below, we discuss here the fastest and most conspicuous of these bands, sometimes seen as a doublet (Fig. 1E double asterisk and Fig. 2 ), whose mobility was consistent with that expected for the non-glycosylated translation product lacking the signal peptide [the primary translation product of inuA is processed to a 58 kDa product after signal peptide cleavage (Chen et al., 1996) ] (Fig. 2B) . Digestion of a mycelial extract with PNGase F shifted the motilities of both extracellular ( Fig. 2A, lanes 1-2) and mycelial species ( Fig. 2A, lanes 3-4) to a band moving like this putatively non-glycosylated band(s) in high-resolution gels (Fig.  2B) . Therefore, these observations strongly suggested that all the cell-associated and secreted species of InuA represent InuA polypeptide with different degrees of Nglycosylation. They also confirmed that the fastest mobility mycelial band represents the signal peptide-clipped translation product that had not yet undergone glycosylation.
Regulatable InuA expression under the control of its own promoter
Once the pattern of glycosylation of InuA had been established, we exploited the gene-replaced transgene to study the trafficking of the enzyme using physiological levels of expression. Notably, we found that the InuA synthesis is strongly inducible by the substrate: The experiment in Fig. 3A , corresponding to cells precultured on glucose and transferred to either glucose or sucrose medium, shows that levels of intracellular enzyme were very high upon transfer to sucrose and residual upon transfer to glucose. The time course experiment shown in Fig. 3B and C (lanes 1-3) shows that intracellular InuA levels were already very high at 60 min, even though InuA required more time to reach the extracellular milieu, wherein it accumulated after 1.5 h of incubation on sucrose. InuA synthesis was as strongly inducible by inulin as it was by sucrose ( Fig. 3B and C, lanes 2 and 6), A. Samples of extracellular and mycelial InuA were treated or not with PNGase to remove N-linked glycans. The arrowhead points at the 250 kDa extracellular band, barely visible to avoid saturation of the band to which heterogeneous extracellular species are shifted in the treated control. The mobility of this deglycosylated band is identical independently of whether it proceeds from intracellular or extracellular InuA species. B. High-resolution gel (short and long exposures) showing that intracellular species are shifted to the mobility of the signal peptidase-cleaved protein by PNGase treatment, indicating that InuA solely undergoes N-glycosylation. The signal peptidasecleaved protein is often seen as a doublet, with its major and minor bands indicated with two and one asterisks, respectively. and was only weakly repressible by glucose ( Fig. 3B and C, compare lanes 2, 4 and 5). Fig. 3C also shows that the mycelial CG bands move even faster than the fastest extracellular InuA species (Fig. 3C , compare lane 7 with any other lane), indicating that the CG bands and the fast-moving extracellular species must differ in their glycan content, with the extracellular ~85 kDa band being more glycosylated than CG forms. The strong and rapid inducibility of InuA synthesis under the control of its own promoter provided a powerful tool to study the effects of genetically blocking InuA traffic using ts mutations in temperature upshift experiments, allowing us to impose a genetic or pharmacological block and to induce the synthesis of the enzyme simultaneously. Thus, from hereafter we used the sucrose-inducible and endogenously C-terminally tagged inuA allele for all experiments, and a standard induction time of 1.5 h.
Monitoring ER core glycosylation
NetNGlyc 1.0 (https://www.cbs.dtu.dk/services/NetNGlyc/) predicts that InuA contains eight Asn-X-Ser/Thr motifs representing potential acceptors of N-linked glycosylation (Fig. 1A) . The ER oligosaccharide transferase (OST) catalyzes the transfer en bloc of 'core' N-glycan units composed of (GluNAc)2-(Man)9-(Glc)3 to nascent polypeptides (Breitling and Aebi, 2013) . Before arriving in the Golgi each of these units lose three glucose and one mannose residues such that, assuming for A. nidulans the same structure as in S. cerevisiae, each core glycosylation glycan unit would add ~1.9 kDa to the polypeptide mass of InuA. The even spacing of bands in the ~80 kDa CG quadruplet (Fig. 1D , bands CG1-CG4) is consistent with their corresponding to InuA species with different numbers of 'core' N-glycan antennas. To test this possibility, we exploited the endogenously tagged allele to induce InuA synthesis in the presence of tunicamycin, a drug that inhibits the first step in the biosynthesis of the dolichol-linked (GluNAc)2-(Man)9-(Glc)3 glycan units. Adding tunicamycin (20 and 100 µM) at the time of induction clearly reduced both the secretion of InuA and the extent of glycosylation of the extracellular enzyme (Fig. 4A) .
We focused on intracellular bands. Using the inducible allele, we detected in untreated controls a further two evenly spaced bands in the CG 'complex', moving faster than the CG1-4 quadruplet noticeable with the constitutive promoter ( Fig. 4B and B', lane 2; bands CG5 and CG6). Tunicamycin shifted the predominant bands in the CG ladder towards even faster mobility forms, more so at the highest concentration of drug, permitting detection of two additional bands (CG7 and CG8; Fig. 4B , lanes 3-6; Fig. 4B ). In this regard, tunicamycin at 20 µM was clearly less effective at the 60 min than at the 90 min time point, whereas the pattern did not change over time when 100 µM was used. These data suggested that tunicamycin, by making ER N-glycosylation limiting, diminished the chance of detecting InuA species containing five to eight core N-glycan antennas and increased the chance of detecting species containing 1-5 antennas (20 µM) or 1-3 antennas (100 µM). Indeed, increasing the tunicamycin concentration beyond 100 µM clearly resulted in A. Western blot analysis of intracellular InuA-HA3 in mycelia precultured on glucose medium (before) and shifted to either 1% glucose or 1% sucrose medium. B. Intracellular InuA in mycelia precultured on glucose medium and shifted to the indicated C sources for the times specified above each lane (suc, sucrose; glu, glucose; inu, inulin). A low exposure of the region boxed in blue is shown below; actin was used as loading control. C. Analysis of extracellular InuA for the cultures and conditions described in B. A mycelial extract was loaded on line 7 as a reference of the mobility of the mycelial CG forms. [Colour figure can be viewed at wileyonlinelibrary.com] predominance of the band(s) attributed to unglycosylated protein lacking the signal peptide ( Fig. 4C ), further supporting the contention that these band(s) represent ER enzyme lacking N-glycosylation. At 0.5 mM tunicamycin, both the InuA and the actin loading control signals were similarly reduced (Fig. 4C ), suggesting that this high drug concentration leads to cell damage, thereby reducing the amount of protein per biomass dry weight.
The ER-Golgi interface: CG forms correspond to ER N-glycosylation
To block anterograde traffic in the ER-Golgi interface we used sarA8, a ts mutation in the master regulator of ER exit . This mutation results in a Gly27Ser substitution affecting one of the universally conserved Gly residues in the P-loop. To demonstrate that sarA8 causes a major block in the exit of COPII traffic from the ER (see scheme in Fig. 5A ), we used the integral membrane proteins and early Golgi residents RerA Rer1 and SedV Sed5 [see (Pantazopoulou, 2016 ) for a review]. RerA Rer1 is a cargo receptor that cycles continuously between the ER and the Golgi Sato et al., 2003) (Fig. 5A ) but its steady state localization is in early Golgi cisternae/puncta ( Fig. 5B) , colocalizing with the t-SNARE SedV Sed5 , which is the early Golgi syntaxin (Pantazopoulou and Peñalva, 2011; . Fig. 5B and C shows that RerA Rer1 redistributed to the ER within 15-30 min of incubation at 37°C in the sarA8 mutant, but not in the wt, which is indicative of the mutation causing a severe ER exit defect (note that some RerA Rer1 relocalization to the ER was already noticeable at 28°C in the mutant). sarA8 also delocalized SedV
Sed5
to the ER at 28°C, and this delocalization was complete and rapid (within 15 min) after shifting cells to 37°C (Fig.  S2 ). That the early Golgi is reabsorbed into the ER if COPII traffic is abolished by sarA8 strongly indicates that the mutation results in a severe defect at restrictive temperatures.
To monitor the effects of sarA8 on InuA trafficking we pre-cultured mutant and wt mycelia on glucose at 30°C and transferred them to fresh medium containing sucrose as C source, pre-warmed at 30°C or 39°C. These secondary cultures were further incubated for 1.5 h at the corresponding temperatures. At 30°C secretion of InuA to the medium by the sarA8 mutant was similar to the wt (Fig. 6A, compare lanes 1 and 3) . In contrast, secretion was nearly abolished at 39°C (Fig. 6A, lanes 2 and 4) , demonstrating that, as expected, COPII traffic is crucial for InuA exocytosis.
The facts that sarA8 impairs growth at permissive (30°C) conditions and that SedV Sed5 and RerA Rer1 partially delocalize to the ER at 28°C indicated that in spite of InuA exocytosis appearing unaffected at this temperature (see above) COPII traffic must nevertheless be weakened. Indeed sarA8 mutant cells accumulated high intracellular levels of the ~80 kDa InuA CG ladder at 30°C (~6-fold relative to wt), in parallel with a minor reduction in HG levels (Fig. 6B, lanes 1  and 3) . This marked increase in CG forms resulting from sarA8 strongly indicates that these forms indeed correspond to species accumulating in the ER/Golgi interface that contain 'core glycosylation' N-glycans. At 39°C sarA8 CG levels were similar to the wt (Fig. 6B , lanes 2 and 4, A. Mycelia of wt and sarA8 strains were precultured on glucose at 30°C, harvested and transferred to fresh sucrose medium pre-warmed to 30°C or 39°C. These secondary cultures were incubated for a further 90 min before being processed. InuA present in the culture filtrates was detected by western blotting. The right picture shows a higher exposure of the region boxed in magenta. B. As above but with the corresponding mycelial protein samples. A higher exposure of the blot region boxed in green, corresponding to the HG species, is shown in the middle picture. A lower exposure of the region boxed in blue, corresponding to the CG forms, is shown on the right. Blue numbers above each lane indicate the abundance of CG bands relative to the wt sample at 30°C, which was arbitrarily set to 1. Actin was used as loading control. [Colour figure can be viewed at wileyonlinelibrary.com] region 2). In sharp contrast, mycelial HG species were completely absent at 39°C in the mutant (Fig. 6B , compare lanes 2 and 4, region 1), strongly indicating that HG bands result from glycosylation of CG forms in the Golgi, which requires normal traffic across the ER/Golgi interface.
The cisternal formation stage: impaired Golgi biogenesis prevents exocytosis and Golgi glycosylation
The biogenesis of Golgi cisternae involves the coalescence of ER-derived vesicles, mediated by the GTPase RAB1 (RabO
RAB1
) and syntaxin-5 (SedV Sed5 in
A. nidulans) mentioned above (Pantazopoulou, 2016) . sedV R258G and rabO A136D are ts mutations that inactivate these regulators at 37°C and higher . After shifting cells to restrictive temperature, both mutations substantially reduced the number of cytosolic puncta at the expense of largely delocalizing the reporter to a cytosolic haze, consistent with their precluding the biogenesis of cisternae (Pinar et al., 2013) (Fig. 5B and C) . The effect of sedV R258G was weaker, such that even though the mutation resulted in cisternal disorganization after 30 min at 37°C some remnants of early Golgi cisternae were still noticeable in the tip region at this time point. These remnants largely disappeared after 60 min (Fig. 5C ). In contrast delocalization of RerA Rer1 by rabO A136D was essentially complete after 20 min at the restrictive temperature (Fig. 5C ), in agreement with the stronger phenotype of the latter mutation . We tested the effects of sedV R258G and rabO A136D on
InuA secretion at 39°C and 42°C. Both prevented InuA exocytosis completely at 42°C, and impaired it very substantially at 39°C (Fig. 7A) . Therefore, exocytosis of InuA requires the Golgi, and does not appear to proceed through unconventional secretory pathways bypassing this organelle. The small amounts of InuA reaching the milieu at 39°C in the above mutants corresponded to CG forms, (Fig. 7A , lanes 0, 5 and 8), indicating that the formation of HG forms was impaired. Indeed analysis of mycelial InuA showed that at restrictive temperatures both rabO A136D and sedV R258G blocked glycosylation reactions leading to the HG forms (Fig. 7B ). For rabO A136D the block was complete at 39°C and 42°C, and noticeable even at 30°C (Fig. 7B , lanes 7-9, compare to lanes 1-3), whereas in the case of sedV R258G blocking the synthesis of HG forms required incubation at 42°C (Fig. 7B , lanes 4-6), in agreement with its weaker phenotype (see above). Thus, these data further support the conclusion that highly glycosylated forms of InuA are generated in the Golgi, and imply that the rabO A136D and sedV R258G mutations affect the Golgi glycosylation stage.
A mutation in the COG complex affects the Golgi glycosylation of InuA
To affect cargo glycosylation in the Golgi without introducing a major perturbation of the ER/Golgi interface, we took advantage of podB1 cog2ts (Gremillion et al., 2014) , a ts mutation in the A. nidulans gene encoding COG2, a key component of the conserved oligomeric Golgi (COG) tethering complex involved in retrograde intra-Golgi trafficking. COG is crucial for maintaining Golgi glycosylation homeostasis (Whyte and Munro, 2001 ; Ungar et al., 2006; Miller and Ungar, 2012) . podB1 cog2ts A. nidulans cells have been shown to be affected in protein glycosylation (Gremillion et al., 2014) . podB1 cog2ts severely impairs growth at 37°C and prevents it at 42°C (Fig. 8A) . We initially used GFPSedV to monitor, by microscopy, its effects on the early Golgi at 37°C. At 28°C GFP-SedV localized to the characteristic punctate structures of the early Golgi cisternae (Pantazopoulou and Peñalva, 2011; , both in the wt and in the mutant (Fig. S3) . Shifting cells to 37°C for 60-90 min did not delocalize GFPSedV Sed5 from podB1 cog2ts cisternae, nor did it reduce the average GFP signal of SedV Sed5 in the Golgi compared to wt controls (Fig. S3 ). This lack of effect contrasted with the A. Growth of podB1 at the indicated temperatures compared to the wt. B. Wild-type and podB1 strains co-expressing the early Golgi marker GFP-SedV and the TGN marker mRFP-PH OSBP were photographed at 28°C and after a shift to 42°C. Images are MIPs of deconvolved Z-stacks. C. Quantitation of the number of punctate TGN structures of wt and podB1 hyphae shifted to 42°C for 60-90 min. mRFP-PH OSBP puncta within 25 µm apical-most regions of the hyphae were counted. The two data sets, which passed the D'Agostino and Pearson normality test, were significantly different in an unpaired t-test with Welch's correction. D. Wt and podB1 cultures as in Fig. 6 were used to analyze mycelial and extracellular InuA accumulating after a shift to sucrose medium adjusted to the indicated temperatures. High exposures of regions boxed in green and blue are shown on the bottom photographs. [Colour figure can be viewed at wileyonlinelibrary.com] rapid (within 15 min after shifting cells to 37°C) and complete delocalization of SedV Sed5 to the ER caused by the thermosensitive mutations sarA6 or sarA8 (Fig. S2) . We concluded that podB-1 cog2ts neither affects the ER/Golgi interface nor causes a major effect on the organization of the early Golgi. Next, we observed simultaneously, using a beam splitter, the early Golgi (with SedV
Sed5
) and the TGN [with PH OSBP ] after shifting wt and podB-1 cog2ts cells to 42°C for 60-90 min. Whereas at this temperature, GFP-SedV cisternae appeared normal (Fig.  8B) , a clear delocalization of the PH OSBP TGN reporter to the cytosol was noticeable in the mutant, correlating with a marked depolarization and a conspicuous reduction of the number of TGN cisternae (Fig. 8B) . Counting the number of TGN puncta within apical-most 25 µm regions gave values of 46.8 ± 6 S.D. and 24 ± 4 S.D. in n = 17 wt and n = 19 podB1 cog2ts hyphae respectively (Fig. 8C) . Thus, at the subcellular level podB1 cog2ts appears to affect intracellular traffic by disorganizing the TGN, rather than by affecting early Golgi cisternae. Then we monitored podB1 cog2ts effects on InuA secretion. At 30°C podB1 cog2ts showed normal secretion of
InuA to the medium, but secretion was completely abolished at 42°C (Fig. 8D, lanes 5-8) . This correlated with the absence of intracellular HG species observed in the mutant at this temperature (Fig. 8D, lanes 1-4) . In contrast, CG species were not affected (Fig. 8D, lanes 1-4) . Therefore, these data establish that trafficking of a soluble cargo across the Golgi requires COG and further strengthen the conclusion that mycelial HG forms of InuA are generated from CG forms in the Golgi.
Involvement of the TGN and the Golgi-endosome interface in InuA secretion
We next focused on the involvement of the TGN using two different genetic blocks. hypA1 is a ts mutation in the gene encoding Trs120, a key component of the TRAPPII oligomeric complex that acts as a GEF for the RabE
RAB11
GTPase governing the exit of SVs from TGN cisternae (Shi et al., 2004; Pinar et al., 2015) . hypB5 is a ts mutation in the gene encoding A. nidulans Sec7, an ARF1 GEF residing at, and crucially regulating, the TGN (Yang et al., 2008; Pantazopoulou and Peñalva, 2009; Arst et al., 2014) . Contrary to sedV ts and rabO ts mutations, hypA1
does not result in dissipation of early Golgi cisternae at 37°C (Fig. 5D) . hypA1 had no effect on the levels of mycelial InuA species at high temperatures (Fig. 9A , compare lanes 1-3 and 4-6), indicating that Golgi glycosylation was largely unaffected. Even though Golgi glycosylation was relatively normal in hypA1 cells at all temperatures, the mutation prevented the secretion of InuA to the medium at 39°C and 42°C, showing that HypA Trs120 is crucial for InuA exocytosis (Fig.   9B ). To determine if this effect of hypA1 on InuA secretion was due to a hypothetical disorganization of the TGN we used endogenously tagged HypB Sec7 as TGN reporter.
Sec7 homologues are peripheral membrane proteins that are specifically recruited to the TGN by several GTPases (McDonold and Fromme, 2014; Galindo et al., 2016) . Judging from the presence of HypB Sec7 in punctate structures, shifting hypA1 hyphae to 37°C for 60-90 min (on the microscope stage) (Fig. S4 ) or to 42°C (in an external incubator) (Fig. 9C) did not result in the loss of HypB Sec7 from TGN puncta, despite that hyphal tips characteristically swelled, reflecting the acute inactivation of exocytosis . This indicates that hypA1 does not dissipate the TGN. This conclusion was further buttressed using the TGN syntaxin TlgB Tlg2 (thus an integral membrane protein) as reporter, which was not delocalized from punctate structures either by "on-stage" incubation of hypA1 cells at 37°C (Fig. S5) . In summary TRAPPII, and by implication, RabE RAB11 is directly and crucially involved in the exocytosis of InuA to the medium, but it is dispensable for its Golgi glycosylation. Next, we studied the role of HypB
Sec7
. At 39°C or 42°C hypB5 did not affect CG or HG pools of mycelial InuA forms compared to the wt (Fig. 9A , compare lanes 1-3 and 7-9). At 42°C InuA secretion was virtually abolished. At 39°C, although InuA exocytosis was not prevented, the mutant secreted a largely hypoglycosylated form of the enzyme with an electrophoretic mobility slightly slower than the CG forms (Fig. 9B, lane 8) . These hypoglycosylated forms resemble those detected for yeast invertase in certain mutants of COPI (Gaynor and Emr, 1997) . Given that hypB5 does not substantially affect Golgi glycosylation, the mechanism by which these hypoglycosylated forms accumulate in the medium is unclear. Hypothetical possibilities are that at 39°C hypB5 promotes the secretion of a deglycosylating enzyme acting on InuA once it has been secreted, or that hypB5 affects the Golgi in a way that facilitates secretion of InuA directly from early Golgi compartments before acquiring its full repertoire of glycans. At the subcellular level hypB5 led, at high temperature, to the clustering of RerA Rer1 puncta (Fig. 5D ).
In maximal intensity projections of tip regions, puncta appeared interconnected by a faint polygonal network (Fig. 5D, insets) , hinting that hypB5 causes a weak effect in the early Golgi. Additional experiments will be needed to understand the nature of this network. In summary, whereas rabO ts and sedV ts prevent InuA hyperglycosylation in the Golgi, the TGN regulators HypA Trs120 and HypB Sec7 are dispensable for this step, indicating that the early Golgi is more directly involved in the biogenesis of HG forms. Importantly, HypA Trs120 and HypB Sec7 are required for InuA secretion, implying that the enzyme traffics through the TGN before being exocytosed.
Early endosomes are crucial for InuA secretion
The TGN is connected with the endosomal system by anterograde and retrograde trafficking pathways, and in S. cerevisiae certain cargoes traffic by endosomes before being exocytosed (Harsay and Schekman, 2002) . To test the possible involvement of early endosomes in InuA secretion, we used a rabB∆ mutant ablating the major A. nidulans RAB5 determining the identity, function and maturation of EEs (Abenza et al., 2010) . rabB∆ had no effect on the induction of InuA synthesis, nor did the mutation affect the pattern of glycosylated forms displayed by the intracellular enzyme (Fig. 10A, lanes 1-4) . In sharp contrast, rabB∆ prevented secretion of extracellular inulinase (Fig. 10A, lanes 5-8) . To rule out the possibility that rabB∆ resulted in an altered glycosylation of InuA that would render the extracellular enzyme poorly detectable by western blotting (for example, by interfering with the electro-transfer to the blotting membrane) we deglycosylated the enzyme with PNGase F prior to analysis ( Fig. 10B ; note that to prevent saturation of the signal in the PNGase F-deglycosylated band of the wt, the amount of extracellular material loaded on this gel was reduced, making the smear of non-glycosylated forms -lane 7 -barely visible). This experiment confirmed that InuA negligibly accumulated in rabB∆ culture supernatants compared to the wild-type, being a weak signal of InuA detectable only after strong overexposure of the rabB∆ filtrate blots (Fig. 10B , right panel, lane 8, A. Wt, hypA1 and hypB5 cultures carried out as in Fig. 6 were used to monitor mycelial InuA accumulating after a shift to sucrose medium adjusted to the indicated temperatures. The bottom pictures are high exposures of the indicated regions, corresponding to the HG bands. B. Analysis of extracellular InuA for these cultures. The magnified regions at the bottom are shown alongside to illustrate the fact that hypoglycosylated InuA bands secreted by hypB5 move more slowly than the mycelial CG bands. C. hypA1 does not substantially affect TGN puncta labeled with GFP-tagged HypB Sec7 following a shift to 42°C. Representative pictures of cells taken at two late times after the temperature shift are shown, to illustrate that this peripheral TGN protein remains in punctate structures even after prolonged incubation at this restrictive temperature. [Colour figure can be viewed at wileyonlinelibrary.com] A. Wt and rabB∆ mycelia were precultured on glucose, transferred to fresh medium containing glucose (non-induced, N.I.) or sucrose (induced, I.) and incubated for a further 90 min at 30°C before the cultures were processed for western blotting analysis of mycelial and extracellular InuA. Bottom strips show a low exposure of the blue-boxed region containing CG forms and an anti-actin detection used as loading control. A higher exposure of the green region of the blot containing extracellular InuA species is shown on the right. B. Left, PNGase F treatment of mycelial species of InuA in wt and rabB∆ cells. Lane 1 was loaded with a larger quantity of mycelial wt extract as reference. Right, PNGase F treatment of aliquots of the extracellular medium of wt and rabB∆ cells, analyzed by anti-InuA (HA3) western blotting. A faint band (arrow) is detectable in the rabB∆ sample only after using a long exposure time that saturates the wt signal. C. rabB∆ does not alter the punctate pattern of TGN cisternae visualized with GFP-tagged HypB Sec7 . D. Analysis of mycelial and extracellular InuA in wt and vps52∆ cultures. Here, -tubulin was used as loading control for mycelial samples. E. Wt and vps33 ts cultures carried out as in Fig. 6 were used to monitor mycelial and extracellular InuA accumulating after a shift to sucrose medium adjusted to the indicated temperatures. F. Wt and rabS∆ mycelia were precultured on glucose and shifted to sucrose medium for 90 min before processing for western blotting analysis of mycelial and extracellular InuA. Biological replicates (a,b) for extracellular InuA were analyzed. A low exposure of the region encompassing CG forms is shown at the bottom. [Colour figure can be viewed at wileyonlinelibrary.com] magenta arrow). Thus, ablation of the major RAB of early endosomes prevents InuA exocytosis. Then we considered the possibility that rabB∆ affects the integrity of the TGN, thereby affecting secretion indirectly. To test this possibility we monitored the prototypic TGN marker Sec7 in rabB∆. Fig. 10C shows that the typical punctate localization of Sec7 seen in the wt is maintained in a rabB∆ mutant, which argues strongly against the above possibility. We concluded that InuA exocytosis requires functional EEs.
A previous study established that after its exocytosis the chitin synthase ChsB recycles from the PM to the TGN by way of a sorting endosome located upstream of EEs. Therefore, ChsB recycling is RabB RAB5 -independent, but depends on the GARP complex to arrive at the TGN (Hernández-González et al., 2018) . Fig. 10D shows that, in marked contrast, InuA exocytosis is largely unaffected by ablation of Vps52 removing a key component of GARP. That vps52∆ shows only a minor effect is notable given that the mutation results in fragmentation and depolarization of the TGN and markedly reduces colony growth (Hernández-González et al., 2018) . Therefore, exocytosis of InuA does not require traffic between endosomes and the TGN using the ChsB/GARP pathway, but follows instead a pathway dependent on the normal function of EEs.
A. nidulans hyphal tip cells are > 100 µm long (Fiddy and Trinci, 1976) . Within them, EEs move bidirectionally using microtubule-dependent motors (Abenza et al., 2009 ) and this movement requires RabB RAB5 (Abenza et al., 2010) .
Thus the involvement of RabB RAB5 in InuA secretion might result from EE-mediated transport being required to distribute the enzyme cargo uniformly across distant TGN cisternae. Dynein engagement by EEs requires the Hook complex, such that in the absence of HookA, a key component of Hook, EEs are unable to move, accumulating in the tips (Bielska et al., 2014; Zhang et al., 2014) . Fig. S6 shows that InuA exocytosis takes place in hookA∆ cells, negating the above possibility. Besides regulating EE motility, RabB RAB5 is the major recruiter of key effectors determining the identity of EEs and their maturation into late endosomes (LEs), such as the PtsIns3P-synthesizing enzyme Vps34 and the multisubunit tethering complex (MTC) CORVET respectively. HOPS, a second MTC, is a RAB7 effector that shares four of its six subunits with CORVET. Maturation of EEs into LEs involves the conversion of RAB5/CORVET-containing membranes into RAB7/HOPS-containing ones (Peplowska et al., 2007; Nordmann et al., 2010; Brocker et al., 2012; Balderhaar and Ungermann, 2013; Kummel and Ungermann, 2014) . The Sec1/Munc-18 (SM) protein Vps33 regulating SNARE bundles in the endovacuolar system is a component of both CORVET and HOPS (López-Berges et al., 2016, 2017) . vps33 ts -1 is a ts mutation in the gene encoding Vps33 that prevents growth at 42°C (López-Berges et al., 2017) . Comparison of vps33 ts -1 with wt cultures at permissive and restrictive temperatures showed that the mutation does not affect levels of intracellular InuA (Fig. 10E, lanes 1-4) . In contrast vps33 ts -1 prevented secretion of InuA at 42°C, but not at 30°C (Fig. 10E, lanes 5-8) . The effect of inactivating Vps33 must be specific of its role in CORVET (and thus in EEs), as ablation of RabS RAB7 (i.e. the RAB that recruits HOPS to LEs and vacuoles) did not affect InuA exocytosis (Fig. 10F) . Therefore, the physiological role of Vps33, which regulates cargo transit through EEs, is required for the secretion of InuA, suggesting that the effect of rabB∆ is not indirect.
Discussion
We have identified the different compartments of the exocytic pathway of A. nidulans required for the traffic of a secretable soluble cargo to the environment. Mutations affecting five key regulators of the Golgi (SedV SED5 ,
RabO
RAB1
, PodB COG2 , HypA Trs120 and HypB Sec7 ) prevent the exocytosis of the inulinase InuA, demonstrating that it requires the Golgi, and therefore that it does not proceed through unconventional secretory pathways bypassing this organelle. An important finding of our work is that secretion of inulinase requires functional endosomes, specifically EEs, because ablation of the master RAB of EEs, RabB RAB5 , prevented InuA exocytosis without affecting ER or Golgi glycosylation, whereas ablation of its equivalent in late endosomes/vacuoles, RabS RAB7 , had no effect. In contrast, we have recently reported that ChsB, a chitin synthase that continuously recycles to the PM from the TGN does so by way of a sorting endosome that must be functionally located upstream of EEs, such that ChsB exocytosis is completely independent on RabB RAB5 (Hernández-González et al., 2018) . Both InuA (this work) and ChsB (Hernández-González et al., 2018) require the TGN regulator HypB Sec7 for their exocytosis, but unlike the ChsB pathway, the InuA pathway does not depend on GARP, showing that this tethering complex does not participate in a retrograde step transporting inulinase between the endosomes and the TGN that is necessary for its exocytosis. It is notable that in a groundbreaking proteomic study of secretory organelles aimed at identifying A. niger proteins whose abundance is increased in response to induction of the synthesis of extracellular soluble enzymes, de Oliveira et al. identified RabB RAB5 as one of the 13 proteins whose levels were differentially augmented (de Oliveira et al., 2010) . In S. cerevisiae invertase transits through endosomes before being exocytosed (Harsay and Schekman, 2002) .
InuA translocated into the ER lumen undergoes core Nglycosylation, which results in a ladder of evenly spaced bands in gels, indicative of the combinatorial addition of several (GluNAc)2-(Man)9-(Glc)3 units per InuA molecule. By impairing core N-glycosylation with tunicamycin, which reduces the chances of any single InuA molecule undergoing modification in all of its predicted acceptor sites, up to eight bands could be resolved, suggesting that all eight Asn-X-Ser/Thr consensus motifs present in the protein are N-glycosylatable. Under normal conditions CG species that would contain 6-8 antennae of core N-glycan predominate, moving in gels as discrete InuA bands that contrast sharply with the remaining intracellular species, which move as a smear in the region ranging from the ~80 kDa of the slowest CG band to more than 250 kDa. The smear was absent in mutant cells blocked in ER exit (with sarA ts ) or early Golgi biogenesis (with rabO ts and sedV ts ).
Moreover it was absent from podB1 COG2ts cells affecting the COG complex known to be required for Golgi glycosylation. Therefore these heterogeneous species, that we denoted HG species, must correspond to CG molecules that have undergone further glycosylation during transit by the Golgi. The fact that the HG signal is spread over a large area of the gel precludes a reliable estimation of its absolute abundance and of the relative proportion of CG and HG mycelial forms. In S. cerevisiae, the exocytosis tracer Suc2p invertase extracted from cells corresponds to the protein hyperglycosylated in the Golgi (Haselbeck and Schekman, 1986; Segev et al., 1988) , with ER core glycosylated forms predominating only in mutants such as sec18-1 blocking ER exit (Gaynor and Emr, 1997; Huffaker and Robbins, 1983) . Therefore the fact that CG forms are markedly abundant in InuA extracted from mycelia strongly suggests that, at least for this cargo, ER exit is limiting for secretion in A. nidulans. In this particular regard we note that a recent study demonstrated that CBH-1 and CBH-2, the major cellulases of Neurospora crassa, use different cargo adaptors (the p24 complex and Erv29 respectively) to the COPII coat during ER exit (Starr et al., 2018) . Future studies will address whether one or more A. nidulans cargo adaptors mediating incorporation of InuA into COPII carriers is/are limiting. Unlike rabO ts and sedV ts affecting the early Golgi, hypA1 (trs120 ts ) and hypB5 (Sec7 ts ) mutations affecting the TGN had a minor effect in the Golgi hyperglycosylation of InuA, indicating that the early Golgi, but not the TGN, is crucial for InuA glycosylation. When considered in the context of the model proposed by Papanikou and Glick (Papanikou and Glick, 2014) [see also (Pantazopoulou, 2016) ], which divides the Golgi intro three functional stages, corresponding to the cisternal assembly stage (homotypic fusion of COPII traffic to generate 'the earliest' Golgi cisternae), carbohydrate synthesis (in which carbohydrate remodeling takes place) and carrier formation (which corresponds to the TGN), this finding clearly implicates the A. nidulans early Golgi in the carbohydrate synthesis stage. We exploited podB1 COG2ts affecting a key component of the COG complex (Gremillion et al., 2014) to demonstrate that the heterogeneous and extensive glycosylation of InuA leading to HG forms takes place in the Golgi (Fig. 8) .
Because COG is a master regulator of retrograde intraGolgi transport, the currently accepted view is that COG mutations affect Golgi glycosylation by impairing the recycling of glycosylating enzymes to the correct level of the Golgi (i.e. to cisternae at the Golgi glycosylation stage of maturation) (Miller and Ungar, 2012; Zhang and Wang, 2016) . We show that podB1 COG2ts does not disorganize the early Golgi, but rather affects markedly the organization of the TGN. COG is a promiscuous hub of interactions. Amongst its partners (Willett et al., 2013) are RAB6 and the TGN SNAREs STX16 and STX6, involved in retrograde traffic between the endosomes and the TGN. A marked impairment of this traffic might underlie the unexpected subcellular effect of the mutation. Our model for inulinase traffic is schematized in Fig. 11 . InuA follows the conventional secretory pathway up to the TGN from which it would be diverted towards EEs, accounting for the fact that RabB RAB5 and Vps33 are crucial for its exocytosis. As HypA Trs120 is also strictly required, and as this protein is an essential component of the TRAPPII GEF of RabE RAB11 (Pinar et al., 2015) , the delivery of InuA carriers to the PM likely involves RabE RAB11 . The fact that Trs120 is recruited to the TGN and not to EEs (Pinar et al., 2015) argues against the possibility that InuA reaches the PM directly from RAB5 endosomes and suggests instead that InuA would return to the TGN before being exocytosed. We note, however, that our data do not formally rule out alternative explanations such as rabB∆ and vps33 ts causing indirect effects on intracellular traffic leading to the loss of the cell's normal competence to sort InuA in the TGN. The facts that rabB∆ does not alter the localization of Sec7 (Fig.  10C) or the sorting in the TGN of ChsB destined to the PM (Hernández-González et al., 2018) argue against this possibility. Lastly we note that, somewhat unexpectedly, some of the mutations impeding InuA secretion do not increase the amount of enzyme detected inside the mycelia. These mutations include rabB∆ and vps33 ts , which prevent the delivery of cargoes to the vacuole by way of endosomes, indicating that at least in these cases the absence of InuA accumulation inside the cells cannot be explained by vacuolar degradation. A speculative explanation to this paradox would be that rabB∆ and vps33 ts cells accumulate in internal compartments secretable proteases that also follow the InuA route, such that the abnormal spatiotemporal coincidence of proteases with InuA promotes the degradation of the latter.
What would be the role of diverting InuA through EEs? As already noted (Harsay and Schekman, 2002) , trafficking through EEs might reflect the need to regulate differentially the secretion of cell wall modifying enzymes, which has to take place constitutively, and that of soluble enzymes that are required only if the substrate is present, such that the latter do not compete with the former. A diversion through EEs would provide a rapid regulatable step besides transcriptional regulation, facilitating the rapid delivery to the vacuoles of enzymes that are no longer needed. In any case, our work provides a conceptual framework for the rational understanding of secretion of extracellular enzymes by Aspergillus species, including those of industrial interest.
Experimental Procedures
Aspergillus techniques and strains
Complete medium (MCA) and appropriately supplemented synthetic complete (SC) medium containing 1% glucose and 5 mM ammonium tartrate as carbon and nitrogen source, respectively (Cove, 1966) , were routinely employed for strain maintenance and conidiospore production. Strains used in this work are listed in Table S1 .
Expression constructs and genetic engineering
To express InuA-HA3 or HA3-InuA under the control of the gpdA m promoter from an integrative plasmid, we constructed expression vectors also carrying a truncated version of pyroA (plasmids 2047 and p2250 respectively, Table S1 ). We used these plasmids to target integration to the pyroA locus of a pyroA4 recipient strain as described previously . Transformed strains carrying a single copy integration of the constructs were selected by Southern blotting. InuA-HA3 consisted of the amino acid sequence of InuA followed by a (Gly-Ala)5 linker and 3 copies of the HA epitope. HA3-InuA consisted, from N-to C-terminus, of the 25 N-terminal residues of InuA containing the signal peptide followed by 3 copies of the HA epitope, a (Gly-Ala)5 linker and the rest of the InuA amino acid sequence.
To tag InuA with HA3 endogenously at its C-terminus, a linear DNA molecule was assembled by fusion PCR. This molecule contained, from 5′ to 3′: (i) The last 1059 nucleotides of the inuA coding region, amplified from genomic DNA with primers MHG_91 and MHG_92 (primers also listed in Table S1 ); (ii) The (Gly-Ala)5 coding sequence, amplified with primers MHG_93 and MHG_94 from our collection plasmid p1503 (Table S1 ); (iii) The inuA 3'-UTR sequence followed by additional 3-flanking 64 nucleotides, amplified from genomic DNA with primers MHG_95 and MHG_96; (iv) A DNA fragment containing the A. fumigatus pyrG gene, amplified with primers MHG_97 and MHG_98 from our collection plasmid p1503; (v) A further 977 bp of 3′-flanking DNA, amplified from genomic DNA using primers MHG_99 and MHG_100. The primers used in PCR reactions (ii) and (iv) contained overhanging 5′ sequences allowing the joining of the five fragments by fusion PCR (Szewczyk et al., 2006) . The fusion PCR product was used to transform a pyrG89 strain, carrying nkuAΔ to prevent non-homologous recombination. The expected integration event resulting in endogenous tagging of inuA was confirmed by Southern blotting.
To construct inuA∆ we assembled by fusion PCR a deletion cassette consisting of the 5′-flanking sequence of inuA (primers MAPS254 and MAPS255) Table S1 .
Cultures for InuA-HA3 analyses
A 25 ml culture of liquid SC medium containing 1% glucose as C source was inoculated with ~1.5 × 10e7 conidiospores/ml and incubated for 16 h at 30°C. Mycelia were collected by filtration, gently washed with one volume of SC containing 1% (w/v) sucrose -instead of glucose -, and used to inoculate secondary cultures with 25 ml of SC containing 1% sucrose (w/v) to induce the synthesis of InuA. These secondary cultures were incubated at the indicated temperatures in water bath rotatory shakers for a further 90 min unless otherwise indicated. After this time, the cultures were filtered through Miracloth (MerckMillipore), the culture filtrates were collected and used as extracellular material, and the mycelia were pressed dry, frozen and lyophilized before proceeding with protein extraction. The yield of lyophilized mycelial biomass was ~90 mg/25 ml culture medium. For experiments in which tunicamycin (Santa Cruz Biotechnology, sc-3506) was added at the time of induction, the drug was dissolved in DMSO (3-6 mM stocks) and added at the indicated concentrations immediately after the transfer to fresh sucrose-containing SC medium, with untreated controls receiving an equivalent volume of DMSO. Cultures were incubated at 30°C for the indicated times after adding the drug.
Protein extraction and western blots
For mycelial protein samples, we used 6 mg of lyophilized mycelia ground for 20 s with a ceramic bead (0.5 cm diameter) in a FastPrep 24 (MP Biomedicals) set at power 4. Total protein was isolated by the alkaline lysis method (Hervás-Aguilar and Peñalva, 2010) and ~0.6% aliquots of the resulting protein extract were analyzed by western blotting. To analyze extracellular InuA-HA3, proteins in a 1 ml sample of culture filtrate were precipitated with 10% (v/v) TCA in the presence of 20 µg/ml lysozyme as a carrier. Following a 10 min incubation in ice, the precipitate was collected by centrifugation at 14,000 × g for 5 min at 4°C. The pellet was sequentially washed with ethanol: ether 1:1 and ethanol: ether 1:3 to remove traces of TCA, allowed to dry, resuspended in 25 µl of Laemmli loading buffer, and incubated for 2 min at 100 °C before loading samples in 8 % SDS-polyacrylamide gels. 'Short' gels were casted in the BioRad Mini-Protean Tetra cell device (BioRad), whereas for 'long' gels the BioRad Protean II xi cell was used. Gels were electro-transferred to nitrocellulose filters and sequentially reacted with α-HA antibody (1:1000, Roche, 3F10) and with peroxidasecoupled goat-anti rat IgG (1:4000, Southern Biotech, 3010-05) as secondary antibody. Actin, used as loading controls for mycelial extracts, was detected with α-actin antibody (1:8000; MP Biomedicals, 69100) and peroxidase-coupled goat-anti mouse IgG (1.8000; Jackson ImmunoResearch; 115-035-003). For some experiments, -tubulin, detected with anti-α-tubulin antibody (1:2500; Sigma, T6119) and peroxidase-coupled goat-anti mouse IgG (1:5000; Jackson ImmunoResearch) was used as loading control. Quantitation of bands was carried out with Image Lab (BioRad) or ImageJ (https://imagej.nih. gov/ij/) software.
N-deglycosylation with PNGase F
For mycelial InuA, 3 mg of lyophilized and ground mycelia were resuspended in 0.5 ml of 0.2 M NaOH and 0.2% (v/v) β-mercaptoethanol and incubated for 5 min in ice.
The solution was transferred to a Microcon 30 kDa filter (Merck-Millipore Ltd) that was centrifuged for 30 min at 14,000 × g and 4°C. The material retained in the filter was recovered with 200 µl of 50 mM HEPES, pH 7.2, 100 mM KCl, 2 mM EDTA, 1 mM DTT and protease inhibitors (Complete ULTRA Tablets EDTA-free; Roche), aided by centrifugation of the filter, inverted into an Eppendorf 1.5 ml tube, for 5 min at 3,000 × g. A 40 µl aliquot of the resulting solution was incubated for 10 min at 100 °C in Glycoprotein Denaturing Buffer (0.5 % SDS, 40 mM DTT, New England Biolabs). A 20 µl sample of the denatured material was deglycosylated with 4 µl of PNGase F (5000 U/µl, New England Biolabs) in GlycoBuffer 2 containing 1% (v/v) NP40, and the remaining 20 µl were used to set up a mock reaction lacking PNGase F. The reactions were incubated at 37 °C for 1.5 h before the addition of 50 µl of Laemmli loading buffer followed by a 2 min incubation at 100 °C and western blot analysis. For extracellular InuA, 3.2 ml of culture supernatant were applied to a Microcon 30 kDa filter as above and concentrated to 180 µl by centrifugation at 14,000 × g at 4°C. A sample of this material was denatured and deglycosylated as above.
Microscopy cultures and image acquisition
These have been described in detail . Hyphae were cultured in pH 6.8 'watch minimal medium' (WMM) using 8-well chambers (IBIDI GmbH, Martinriesd, Germany). Images were acquired with a Leica DMI6000 B inverted microscope equipped with a Leica 63×/1.4 N.A. Plan Apochromatic objective and a Hamamatsu ORCA ER digital camera (1344 × 1024 pixels) using, for single channel acquisition, Semrock GFP-3035B and TXRED-4040B 'BrightLine' filter cubes. For simultaneous channel acquisition, we used a microscope filter cube equipped with Chroma 59022× excitation and 59022bs dichroic filters and a Dual-View beam splitter (Photometrics) equipped with Chroma ET525/50 and ET630/75 emission filters for GFP and mCherry or mRFP fluorescence channels. The incubation temperature for microscopy cultures was normally 28°C. When necessary, the incubation temperature was shifted from 28°C to 37°C 'on the stage' as described . Cultures reached the target temperature within 15-20 min. For experiments involving a temperature shift to 42°C, we placed the microscopy chambers in an external incubator set at this temperature and photographed the cells shortly after transferring the chamber to the microscopy stage pre-heated at 38°C. Images were processed with Metamorph 7.7.0, converted to 8-bit greyscale or 24-bit RGB and annotated with Corel Draw (Corel, Ottawa, Canada). When indicated, Z-stacks were deconvolved with Huygens Professional (Scientific Volume Imaging, Hilversum, the Netherlands, EU). GraphPad Prism 7.03 (GraphPad software) was used for statistical analyses.
